BHSRE

Control and Decision

EE A ERBRE 2 B R RR BB RT
i, e, Mg

FIHIARSL:

T, B, WR/NEE. B A ST (0 SCIBR MR Y 0B R GE R R R B BT S 5 PUR, 2021, 36(7): 1672-1678.

TEZRIR]IE View online: https://doi.org/10.13195/j.kzyjc.2019.1418

BT BRSO HAB S EE

Articles you may be interested in

SETFPIDS RSO e B BRI B
Tuning of linear active disturbance rejection controllers based on PID tuning rules

FEH 5P, 2021, 36(7): 1592-1600  https://doi.org/10.13195/j.kzyjc.2019.1408

BT R N A AR IR 2 DR ety 225 i A8 AR R R S0

Converted measurement cubature Kalman filter for Doppler—assisted target tracking

Fthl 53K 2021, 36(6): 14251434 https://doi.org/10.13195/j.kzyjc.2019.1070

I W AR 4% 73BT HE AU A4 R0 ) 20 AL Tl R

Virtual synchronous generator control technology with fractional virtual inertia for grid—connected inverters

Pl 5HIE. 2021, 36(2): 463-468  https://doi.org/10.13195/j.kzyjc.2019.0391
FET AL ) BB BUN R E R R RBFA

Reinforcement learning based fractional gradient descent RBF neural network control of inverted pendulum

S5, 2021, 36(1): 125-134  https:/doi.org/10.13195/j kzyjc.2019.0816
TR B0 B I B A P 2 inl 28 BE Al T HAR00:

A clutter density estimation algorithm by optimized sparsity order

Pl 5 HK . 2020, 35(12): 2923-2930  hitps://doi.org/10.13195/j kzyjc.2019.0429


http://kzyjc.alljournals.cn
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1418
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1408
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1070
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0391
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0816
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0429

8363 5578 = % 5 xR Vol.36 No.7
20214 7H Control and  Decision Jul. 2021

RSN AEXEKEFN DN RENRREIEE LT

g LA FeRat, AR !
(1. 7K BeERE, TR 110036; 2. 387 K5 BRPb22FE, TEBH 110036)

e SRR T Tustin 42 AR UK 23 BON R R 2 08 88 BEVT 7V, DA D5 AR LRI ) 43 B A € dod g 7
A3 HF A CEL N R P (A B I 1] 2 20 B 2R S IR AS At . S8 Tustin A= R R 77 125, X ISR (8] £ 1k
S B R GEHEAT B RO, K B R GE B g Oy R (R 22 43 D R PSR 1 vk, A 23 BB IR A T R AN 4 4
i (i 7 A AT O 8 RS 1, DT 3 5B A (e 7 e A e 07 e 7 R, 388 Y — b T Tustin A2 Bl
53 B IR 2 DRI S, A RO S A A LSRR I 4 B A €3 R 7 R 3 B A R ) T
B I 22 43 BB 2R G2 IR A A . 55 T Griinwald-Letnikov 22 43 ({1 B 7 ¥R LL, FTR H 9 36T Tustin 25 b
PR IR 2 U A ) DR A 1 R O v, RS A R S o, S B SRR T HH VR A
PE.

KIIA: LNE RN R GE: 2 BN R/ RUEBES: RS SRR, A Tustin AR ERERE
IS5 TP273 SCHRFRES: A B
DOI: 10.13195/j.kzyjc.2019.1418 FFHREE (FIRARS5) #RIRES (OSID):
SIAMEE: mll, SR RN, S 2 B A ORI 75 1 2 O R IR R S UBBAS BT (0], FE 5 PR,
2021, 36(7): 1672-1678.

Design of Kalman filter for fractional-order systems with correlated
fractional-order colored noises

GAO Zhe'?t, HUANG Xiao-min', CHEN Xiao-jiao1

(1. School of Mathematics, Liaoning University, Shenyang 110036, China; 2. College of Light Industry, Liaoning
University, Shenyang 110036, China)

Abstract: The design method of fractional-order Kalman filter based on Tustin generating function is proposed to
solve the problem on the state estimation for continuous-time linear fractional-order systems with correlated fractional-
order colored process noise and fractional-order colored measurement noise. By Tustin generating function method,
the continuous-time linear fractional-order system is discretized, the differential equation of fractional-order system is
transformed into a difference equation. Using the augmented vector method, the fractional-order state equation and the
fractional-order colored noises are constructed as a new augmented state vector, and the fractional-order colored noises
are transformed into white Gaussian noises. Then, a fractional-order Kalman filter algorithm based on Tustin generating
function is presented to achieve effectively the state estimation of the continuous-time linear fractional-order system
involving correlated fractional-order colored process noise and fractional-order colored measurement noise. Compared
with Griinwald-Letnikov difference, the state estimation obtained by Kalman filter algorithm using Tustin generating
function is more accurate and the effect is more satisfactory. Finally, the effectiveness of the proposed algorithms is
validated by the simulation result.

Keywords: linear fractional-order system; fractional-order Kalman filter; state estimation; correlated noise; colored

noise; Tustin generating function

0 51 & bt 5 DU B 22 1 PO R Je 1R 22 2438 R B M &
BARDBMN RS B B = 2R % SREEONSRRYE R GRS T — MRS R Al ARy
F I IR0 50, (0 R M SR TR RAL R e T30 ik, VERUH B Rl g — S BT Rt A S i ok &

Yris B HA: 2019-10-09; 1&[E HHA: 2020-03-07.

HEWA: 78 “MUTEA TR HETH (XLYC1807229); I T4 HARRIAFE ST H (20180520009); H [FH{#H 4
JERFEREGTH (2019M651206): 1L T KZF R IR EI 5T 545 H (LDGY2019020).

RERE: AW.

Tl IAA/EH . E-mail: gaozhe@Inu.edu.cn.



%74 B W E AHSENH ERKRE

B A Gty K R 2R B 1673

gulll. DR, 23 B R Gu i @ 4 ) (240 e Sy o
LI — A #h s ) L

2 L8 BN B AT A 2 A sk R g 7 R0 g 7 )
T3, R R G b e 5AT DA BB &, {H 7F 5
B T2 A A7 75 B TR A W 28 L3R 15 R 4 IR
PO (MRAR G i A  = M ogy  S3 S  M N ]
Tl Az il 5 40— MR T H ML S 04 ) R A JE R
£, DR FH 25 e s ) N J 245 B R Gt
ITIREAG TR T RGuE 1T #e 5 RE 2 4B AT
AUERANLR B, ST 2 E0 B R G0 H IR A Ak 11 17 8, 4F
FRREAER £ E . B0, R TR AR 0 2R I 25100 A
JeARIR 2 e AR,

BT 70 F AR s S B A EAZ M, SRR &
GURH LG, 73 B 2 G0 66 4 BB R SE BR i EE R G 3))
BATN. SR, 73 B R G PIRASAG TR B IR 2 I &=
G5 7 S S, TV A R AS 2 (RS L I 2 A 3 R £
TERVER T g 52 0. X T 43 B 5 Gt 0K Ak v 1]
ROR B YR A A — P ) B RS I . SOk
(8142t 7 3 T Tustin 2E Ji bR B0 70 B0 R 2 9 ik
B MRV T A T R R 7 R e S ) I () 2R
BUAR G M 2 HU B 2 G (0 DS Ak v i) R T O
) 4 22 14 43 B 2R G0 (AR AS A v ) R, SCHR [9] 2 Hh
T — PR T B AR (AR R /R 2 R B

Z ISR TR RGP A ge 2 e s i A
WP SCHR [10] 42 T 20 B0 = /R 8 R A%, A R0
SEPL T S BN e R S B A B A e
I 7S IR0 SR I ) 2R M 2 B R S RS Al £
Xof B AT ] 23 B & G, SCHR [11-121 9 58 7 D
BE T E Lévy B 1R R JE LR 1 R /R 2 B8 v
A5 BT ) . 2 RS 3 ek R 7S R U R 7S T A
ORI, SCRR [13] 1% 5 SRR B Ik & 17 1 g
R SN (8] 2 1 2 B 2R G AR AS At U1 1) R, 2 1
T BT B S ARV 2 B R R B R AR S
Wik [14] 75 SCHR [13] 19256l b, 32 T %2 T Griinwald-
Letnikov (G-L) Z 73 3 J& 73 B - /R & Y8 I B,
ARSI T B DRI S ) R 2 v A By
RGHPRASAE T B 1A B OCHR Y & i e S STk
(15142 H T % G-L 2243 Al Tustin 25 1% 58 5010 20 2
PR R S PR AR, WS T T SR OB A BN
o T T M 7 B R e S ) 3 2 (] 2 1 4
B RAEMPIRES TS5

A E B IBIH SN DN T INE S B
oI 7 4R PRI SR ) 2R 2 SO R GUIRES A I
R 22, K Tustin 42 il 2R E07 2%, B B I 2RI 6] 73

o & 45 2) % B B 52 bRy B A G b IR e S T e
A ey M R M I BV FH R AL B R 4 oA B OGHK
(1) 53 K A € o B M 7 R R 0 S 7 3) 4
T Tustin A= 5 B 501 70 B 2R 2 IR RS R
FHELIRIR IR 73 B A €03 R e 7 AR £ 0 58 M 75 1)
BRI [A] B 73 B R GRS A T (A B2
1 R

H13->R FH Caputo 73 #li & LI Hbir & Giw1 46
A5 B RGOSR ) — Bk, A TS Caputo
58 SN PR FESEIN [8) 2 73 B 28 Ge RO RAS At v i) L.

AN & AR E R 7 B ol R e S
A (0,300 5 M 75 (1) 8 I [R) 2 M 20 B SR e

SDa(t) = Ax(t) + Bu(t) + Gw(t), (1)
z(t) = Cx(t) + v(t). @3]

HAr: D 0 2t B %1 o By Caputo 73 B 73
Toa € (0,2) N E K, A € R, B € R"¥P,
G € RV™ C € R n&Ez(t) € R",u(t) € RP,
2(t) € RI AR AR H; w(t) € R™ A
v(t) € RINRIKI - B A (Ll R 75 AR o i &
Mgt 7

NI AL = BT RBEREEE A 2 (k) u(k)-
2(k)~ w(k) FMo(k) A& 2 (t) u(t)s 2() wt) FMo(t).
25> ki Ha(k—j) =0 T2, EFGLEMIK
o Brid o S5 AR R R

k
EDfa(k) ~ A%a(k) = 7 D (1) (j) (k).
=0

BET, 2T G-L 273 1070 B R HPRES T2 (D) W]
B
xz(k) = Agx(k — 1) + Bou(k — 1) + Gow(k — 1)+

k

oY) ek - ).

j=2
Hep
Ay =T*A+al, B, =T°B,G, = T°G,

- (5)

N T FEERES G TS FE, >R FH Tustin 42 5% eR 5007
FEUT B 7 B R A RS T7 R, T2 T Tustin A2
J R T o Y S AT I AN

St~ (2)" (L2 00,
Hrp=iz(k) = x(k — j). 7 RANPIRES TTFERT
EHUE N

-1




1674 = # 5 X R %36%
2\« ]__p—1 e k k
(7) (Topr) w0 = Axk) + Buth) + Gu(b): () = 3 Mok — ) + 3 NGE(k - J)
Jj=1 7=0
2 FEZEHR o s
p=m} 2\« —1 j
21 SEMEEREGLE A= ((7) 1-4) w|Cv(3) 1+4]
« —1
XK (1) A 9 20 R st By = ((2)1-4) 4B,
oo T A (U T D 6 6~ ((2)1-4) e
ngw(t) = Fuw(t) + He(t), 4) ! T L ]
CDYu(t) = Mu(t) + NE(1). G5 Fi= ((%) 6) [(—1)1'“(%) I+F},

Hr: 8,y € (0,2) 7 BB S ik F e R™™,
He R M € R, N € R, ¢(k) € R".
£(k) € R NHELRERHIE - 1B N 0, 1 75 ZZ R R 73
0 Q AN R e 7 A R A, EL IR A 1) B 75 22 R
W 0,018 244k T 1) ZH0E R Bl 2 ) &

HRHE Tustin 4 B R EL, 20 (4) F1(5) W B UL

(i)ﬁ(ig_i)ﬁw(m = Fu(k) + He(k), (6)

2\7(1—p!
()5 +£_1)7v(k) = Mu(k) + Ne(k). (D)
X B)~ (6) M (T) REF T X = 30 2, 7 #
RETTHE . 70 B A G T2 e 7 R0 o3 5B A il
MR P ) B R 220 T RS A

() S 1)l — ) -

k

> " i(Ax(k — j) + Bu(k — j) + Guw(k — j)), (8)
2\f o, i (B _

= —1) w(k —j) =

(7) > >(j> (k- )

(!

(Fw(k —j) + He(k — 7)), ©)

> <7> (Mu(k —j) + NE(k = 4)). (10)

=0

e A 1E BRI T AEAS (2/T)*T — Al

(2/T)°T — FAI(2/T)"T — M w] i, =X (8) ~ (10) ]
HEILN

z(k) =
Zij(k — i)+ Z Biu(k — j) + Z Gw(k —5),

k

k
w(k) = Fywlk =)+ 3 Hyelk = j),

Jj=0

S(B) = [ k), W (R), 0T ()] R () =
[eT(k), &7 (k)T W3 RS TT W KRN

s(k) =

k k k
Y Ak =)+ Y Biu(k — )+ Y HC(k— ).
j=1 j=0 7=0
oo
(A GoF;+G; 0 B;
.Avj =10 ]:j 0 ) gj =101,
0 0 M, 0
[GoH,; 0
Hj = Hj 0
L 0N
4 1 75 (B0 SO S B 7 2 6 4350 0
w .
W= l ¢ ] BAW R ISR W > 0 %640
W+ R

FR-WTQ'W > 0. St AN (k) = Co(k),
Hoc=1[0,0,1].
22 SDEMRRSIEEFANZI
5E s (k) FAS THE AT TS

(klk) = E[<(k)|o(k)],

(klk —1) = Els(k)|p(k)]-
He:ok) B4 2(0)s 2(1) ...v 2(k)s w(0)s u(1)
oo u(k) BB, p(k) BFE 2(0)s 2(1)~ ..oy 2(k — 1)
w(0)~ u(1)+ .. u(k) B3 B T4 R A H T
FEC(k|k — 1) ATRR AN

A} S
N N



%74 B W E AHSENH ERKRE

B H A ey F R ZIRR E 0T

1675

k k
Wkl — 1) = B[ (30 Ak =) + Y Byu(k — i)+

iﬁj«kz =) |p®)].

B Elc(k — j)|u(k)] = Els(k —j)|o(k—j)].H
S(klk —1) =
k N k ~
> AU = ik = j) Z
RS S TR (k| )
C(k|k) = S(k|k — 1) + K (k)(2(k) — C<(k|k — 1)).
PR KAk — jlk — j) =~ s(k — ) oL, AT 15
S(klk) —<(k) =

~ K(k)C) ( 3 4@k

—jlk=J) =<k =34))—

o 18 B 15 10 T RO B 5 1IN T/, R
TRE AT TR A3 A THRZ (R R) — < (k) IEON

RIC) D HiC (k= j).

S(klk) —<(k) ~

(11
Yi=j A
k
B (30 Atk =il = 1) = sk = i) ) x
i=1
k
(Z (k= gl = 3) — stk — ) TAT) | =
=1
k
> APk = jlk = AT (12)
j=1
SRRl RE
k
Bl (Y Ak —ilk =) - <(k - i) x
=1
k
(3@ =tk = ) — sk — )" AT)] =
=1
kjl k—1 N " o
STAHWHTAL, +> " A HoWHT AT,
j=1 Jj=1
(13)

BEAN, A0 T S5 AL

E[(iﬁi@(k—uk—i)—g(k—z')))x
(5e-s)
—i A;HOWH] — kZlAmWHm, (14)

k

E[(Zﬁc(k - i))x

(iAj —j|k—j>—<<k—j>>)T]~

E

— > HWH AT — ZHMW% (15)
j=1 1
J . Jj= . ) .
Bl( k=) (Y Hictk =) | =
i=0 =0
k
> HWHT. (16)
j=0

EIE1  HIEHARETTRE ) A 752 2) Bt
TR [ 3ZE B2 N 1) 2 14 40 B JR 45, ok R e 7 0 e
MR FEAE w(k) Al o(k) 253 B A B A B OSBRI,
W75 e (k) A1 € (k) A2 B I FE M 75 o (k) FOU B8 75 o (k)
A R R B e L IR, FE T Tustin 2B B RR B0 4>
i %/ini)ﬁ&%ﬁxﬁﬁw

k

S(k|k — 1) ZA; (k—jlk—35)+>_ Bju
=0

(k\k)zc(klk—lHK(k)( (k) — C3(k[k — 1)),
(klk—l):

k—
ZAP —jlk— A Z HWHS AT, +
Jj=1 j=1
k—1 N ~ o o .
> A HOWHTAT + Z A HOWHT +
j=1 Jj=1
k—1
> AHWHT + Z’H WH AT+
j=1 j=1
k—1
> HiaWHT AT+ZH WH,
j=1 7=0
K(k) = P(klk — 1)CT(CP(k|k — 1)C) ",
P(klk) = (I — K(k)C)P(k|k — 1)(I — K(k)C)™.

UEH Al R ZEHRE P(k|k— 1)~
P(klk —1) =
E[@(k[k — 1) — (k) (S(klk — 1) — (k)] =



1676 ECa |

xR %36%

E[(ij/i(e(k ik — i) — ok — i)~
§3ﬁ£“*4»(§3ﬂﬂdk—ﬂk—ﬂ—
- ﬁ:ﬁjC(k —j))T]- (17)

B3 (12) ~ (16) RN (17), 7] 15 B4k T 157 25 0 f
P(k|k — 1). FIFHR D), BB 1B T 22560 P(kk)
N

P(k|k) = E[[S(klk) — (k) (Sklk) — (k)] =
E[(I = K(k)C)(S(klk — 1) — s(k))
(I = K(k)C)(SUk|k — 1) = s(k)))"] =
(I = K(k)C)P(k|k — 1)(I — K (k)C)".
1T 0[(S(k[k) — < (k)" (C(k|k) —<(k))]/OK (k) =
0.5 0tr(P(k|k))/OK (k) = 0 %M 04
—CP(klk —1)(I — K(k)C)" = 0.
M4, RIREW R HIE K (k)N
K(k) = P(klk = 1)CT(CP(klk —1)c")~'. O

p b B RV Y (U - AR R = ] BB =
5 1) 185 0 T S R A R, AR AR B AR T 8
) S PR TAE . BOAE S(k|k — 1) TR 45 2 i B
P(k|k — 1) ] DL A #000 L 7 R0, Mk > L
i, S(k|k — 1)$np(/<;|k: — 1) RRAN

L
Mh—lz}j Sk — jlk = ) + Y Bu(k — ),
j=1 j=0
(klk—l)—
L—1
ZAP (k—jlk— ) AT + > A;HWHS AT+
Jj=1 Jj=1

L-1 L
> A HOWHT AT+ A HOWH, +
j=1 j=1
L—-1
ST AHWHS + Z?—l WHg AT+
j=1 j=1
L-1
> HWHTAT + Z HWH].
Jj=1 j=0
E2 WRIEEL [ S o BB RGP R
795 5y BB A € HLANAR R B0, JU) X 5 4 SR IR 7 £

T ZEFEREW = 0,3 B3R T I AN SRHR I 5 15 100
T BRI 7 175 1O P — T 491

3 PR
% FE 01 AT IR 53 B AT (i e 7 53
OG0 N G 75 P S T 2 23 B R

SDex(t) = Ax(t) + Bu(t) + Gw(t),  (18)

z(t) = Cx(t) + v(t), (19)
CDPw(t) = Fuw(t) + He(t), (20)
ODJv(t) = Mu(t) + N&(t). (21)

He
x(t) = [z1(t), 22(2)]T, 2(0) = [-0.2,0.5]T,
w(0) =0, «a=0.8, 3 =0.6, vy =0.7,

—85 11
A= , B=[1,1]", G =[1,1]",
9 —45
C=1[1,1], F=-0.2, H=0.3,

M = —-0.5, N =0.4,
W S A E T ERHFENQ = 0.3, R = 0.7, W = 0.1.

N RAAA BEVIRAS AT, & BmAE SN
u(t) = 15sin(3t), RFERENT = 0.008s, B 17 i
7] 20s. BLAL, 73 B~ /R 2 08 48 41 46 26
A A 0]0) = [0,0,0]T, P(0j0) = ITFIK(0) =

[0,0,0]™. P 1 FAE 2 43 53 0 2 AE 2 (k) FIEWT L =
10~ 30~ 50 BPRZS M) & 2 (k) 5 H AN THE.
0.5t
< 0
=
_05 L
-1.0 : : : :
0 5 10 15 20 25
k/10°
E1 MEE=(k)
— F
0.41 0-22 ----- =10 it
a1 —— Yy |
590 600 == L=50 fliiH{E
0.2}
S
= 0
-0.2
0 5 10 15 20 25
k/10°
(a) x,(b) H5HANHE
0.8 — M
we L 10 A
- =30 ffiiH{E
0.4} == L=50 fhiF il
<
o
0 L
-0.4 A :
0 5 10 15 20 25

k/10°
() x,(k) HSHALHE

2 EEL = 10,30, 50 PRz (k) 5EMHIHE



%1 B W F SASHNA EXRIKRF ORI R LT R IBRF T 1677

H 181 2 WL, B o5 AT L R B, IR 1 By ()
A o (k) B AR A5 A6 THE BOR BRI PR, o
B BT 70 BB R R 2 8 AR AT DA Rt S B
AR HL ORI (4 73 B A (i A e 75 R £ ) e e
USRI [B) 2k 73 BB R 4 RS it

N T VRAG 3T Tustin 28 F5CpR B0 7 BB R R 2
JEB A PGS I THROR, IR Z IR H0E (R

R D) J Sk - GHRDE @)

k=0 \ i=1
Hrbig (k) = 21(k), (k) = x2(k); Hp + 1 NHIAAN
o H R A R B, A9 H,, = 2500, [ 52 KRR 1

T = 0.008s, X} TAF#MWr L = 10+ 20+ 30 40+ 50

60, 5 T G-L 2= 43 F1 Tustin 2 5% 5R 2010 9 B KR 2
PEVR BAS B PIR SR ZE 5 e85 RNk 1 Fros.

®1 TREEE L TRMEBUAENGITEIRE

b L Tustin 4= % 28 %1 G-L #4y
10 0.0127 0.0152
20 0.0097 0.0122
30 0.008 6 0.0114
40 0.008 2 0.0111
50 0.0079 0.0109
60 0.0077 0.0108

HI3% 1] DL, PR AL T VR AT B BIR S Al TR
72 VI E AR WT L (3G 0 100 32 /S PR, T G-L %=
43 A1 Tustin A J8 o8 K0 73 b 7R 2 98 A #6 Al A
ARG T B RS IRES. 5 G-L E 73
b, 22 T Tustin A= i o8 A0 23 2 R 7K 2 08 24315 21
ARG THRE T .

0.2
0.
<
= 0.2} P
-0.215
-0.4¢t — FLHAH
~0.6 205 1215
0 5 10 15 20
k/10°
(a) x,(k) 5HANHE
1.0
. — FLHAH
oo I I
0.5 1310 1330
=
= ol
-1.0 . . .
0 5 10 15 20
k/10°

(b) x,(k) 5 HALTHA
3 ETEBIMRS (k) 5EMAITHE

WA RFE RIS KB T = 0.01s, [ @ &
L = 30 H AR S AR ORFFASAR, J0I 9 i 75 35 4 23 BBy
IR 2 U AR B PR S A5 T N B SR G 1 3 AT
K4 FrR.

0.25 }
L P — HIE
0.4 0,15 ﬂh’iﬁﬁ
660\ 680
—~ 02
=
0
-0.2
0 5 10 15 20
k/10°
(a) x(k) HEAEHE
08 0'35'7‘ — A
0425- = A
655 670
0.4 !
<
=
0
-0.4 . .
0 5 10 15 20
k/10°

(b) x,(k) 5HAGHH
B4 ETGLEFBRSz(k)SHMHITE

HT P 3 0[] 4 i IR A Al v il 2wy D0, B T
Tustin A& 8 2R E 73 U9 - 7K 2 08 I 4815 B IR S
FTHEA SRS Bl T S, R W TR R
KR SE I [A) B 1 73 B0 2R 8 IR Al v, 12 504K
SR . LA, FEXT T G-L 22433, 5 T Tustin 4=
F5 R B 3 0 R R 2 BRI BRIR A Al T R B
4 &

ASCWFTT T 5 A A H R B A (e R e
HG3 F5 A €0 00 R e 7 ) 3 48 I ) 5 1 23 BB &R
Ge PR T 1) R 155, SR Tustin 25 B o8 £ 72
XF o BB 2R G AT B UL, A R TR AR
FE. SR Ja, IR BG T 1) B2 b B 4 B A e Mg 7S 42
HE — Al ok 2 1 23 B R R 2 B SR AR T G-L
2935, 2T Tustin 28 R 0 10 70 b R 7R 2 08
A3 B PPIRA AL THRZ BN, AT RORELF. AN, 5
G-L Z 4375 A0 b, 2 T Tustin 2B BER 3000 20 B0+ /R
SR AR T IR B R GRS TS
2 CHk (References)

[1] Sauer R A, Ghaffari R, Gupta A. The multiplicative
deformation split for shells with application to growth,
chemical swelling, thermoelasticity, viscoelasticity and

elastoplasticity[J]. International Journal of Solids and



1678

*

F %£36%

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

Structures, 2019, 174/175: 53-68.

ZRETR, Y, KL B REERN ICRE
[F) AL R g BAR (3], 2  5 Ue 3R, 2011, 26(11):
1757-1760.

(Qin C M, Qi N M, Zhu K. State space modeling and
stability theory of variable fractional order system[J].
Control and Decision, 2011, 26(11): 1757-1760.)

B E 57, AR IIE. 2 BB 2R 4 1) 20 BB PID 4% 1 25 1
T[], PS5 R, 2007, 24(5): 771-776.

(Xue D Y, Zhao C N. Fractional order PID controller
design for fractional order system[J]. Control Theory &
Applications, 2007, 24(5): 771-776.)

REFE, Az B I ST ERIA (7], F2 ] 5 PR,
2009, 24(2): 161-169.

(Zhu
fractional-order control[J]. Control and Decision, 2009,
24(2): 161-169.)

Liu M Z, He M F, Qiao S J, et al. A high-order
state-of-charge estimation model by cubature particle
filter[J]. Measurement, 2019, 146: 35-42.

Li R X, Gao X B, Cao J D, et al. Dissipativity

and exponential state estimation for quaternion-valued

C X, Zou Y. Summary of research on

memristive neural networks[J]. Neurocomputing, 2019,
363: 236-245.

Garcia R V, Pardal P C P M, Kuga H K, et al. Nonlinear
filtering for sequential spacecraft attitude estimation with
real data: Cubature Kalman filter, unscented Kalman
filter and extended Kalman filter[J]. Advaence in Space
Research, 2019, 63(2): 1038-1050.

Gao Z.

continuous-time linear and nonlinear fractional-order

Fractional-order =~ Kalman filters for
systems using Tustin generating function[J]. International
Journal of Control, 2019, 92(5): 960-974.

Ramezani A, Safarinejadian B, Zarei J. Fractional order
chaotic cryptography in colored noise environment by
using fractional order interpolatory cubature Kalman
filter[J]. Transactions of the Institute of Measurement and
Control, 2019, 41(11): 3206-3222.

Yang C, Gao Z, Liu F H. Kalman

for linear continuous-time fractional-order systems

filters

involving coloured noises using fractional-order average
derivative[J]. IET Control Theory & Applications, 2018,
12(4): 456-465.

(11]

(12]

(13]

(14]

[15]

[16]

(17]

Wu X P, Sun Y H, Lu Z G. A modified Kalman
filter algorithm for fractional system under Lévy
noises[J]. Journal of the Franklin Institute, 2015, 352(5):
1963-1978.

Sun Y H, Wu X P, Cao J D, et al. Fractional extended
Kalman filtering for non-linear fractional system with
Lévy noises[J]. IET Control Theory & Applications,
2017, 11(3): 349-358.

Liu F H, Gao Z, Yang C, et al. Fractional-order
Kalman filters for continuous-time fractional-order
systems involving correlated and uncorrelated process
and measurement noises[J]. Transactions of the Institute
of Measurement and Control, 2019, 41(7): 1933-1947.
T, BR/NBE. A SR BRI R AR 2 1 BN RS
¥R RRBIBPAR BT ] LT RFF R AR
hiz, 2019, 46(4): 342-348.

(Gao Z, Chen X J. Design of extended Kalman filter for
nonlinear fractional-order systems involving process and
measurement noises[J]. Journal of Liaoning University:
Natural Sciences Edition, 2019, 46(4): 342-348.)

Huang X M, Gao Z, Ma R C, et al. Extended Kalman
filters for fractional-order nonlinear continuous-time
systems containing unknown parameters with correlated
colored noises[J]. International Journal of Robust and
Nonlinear Control, 2019, 29(17): 5930-5956.

Sierociuk D, Dski A D. Fractional Kalman filter
algorithm for the states, parameters and order of
fractional system estimation[J]. International Journal of
Applied Mathematics and Computer Science, 2006,
16(1): 129-140.

Vinagre B M, Chen Y Q, Petras I. Two direct
Tustin  discretization methods

for fractional-order

differentiator / integrator[J]. Journal of the Franklin
Institute, 2003, 340(5): 349-362.

fEE BN

I (1983-), 5, BIEUR, L, WHEDEE R0 b

5% 114 57, E-mail: gaozhe @Inu.edu.cn;

IR (1994 ), 4, B4, NFHDH RS HPIRAAS

HAIZEHHR TS, E-mail: huangxm0924 @163.com;

FR/NBE (1994—), 2o, A2, NFHAEL MW REiH)
{5 TF I 4T, E-mail: chenxiaojiao1314@163.com.

(TR FRREF)



